In this paper, a novel Equivalent Consumption Minimization Strategy (ECMS) is developed for a series hybrid powertrain system, based on the flow of energy through energy sources and components. The performance of the controller is assessed using both urban and highway drive cycles, through comparing results for the series hybrid powertrain system against a comparable conventional powertrain. Fuel economy improvements are achieved by effectively optimizing the distribution of the power generation within the power sources of the system and by promoting battery charging during low-power demand conditions. The simulation results show that the proposed ECMS provides a substantial improvement to fuel economy and energy consumption of a series hybrid electric vehicle, whilst effectively managing battery state of charge.
Introduction
In recent years, there has been a growing trend within the automotive sector for more environmental friendly vehicles due to unsustainable natural resources and growing understanding of the impact of the current transportation fleet on both local and global air quality.
Hybrid Electric Vehicles (HEVs) are considered as more sustainable and cleaner alternatives to current Internal Combustion Engine (ICE) vehicles. Typically, a HEV uses two or more energy sources for power generation, providing greater fuel economy and lower vehicle emissions. However, multiple energy sources introduce the need of a sophisticated control system to optimally distribute the power flow within the energy sources to achieve the desired objectives such as fuel consumption minimization and emission reduction. Different control strategies have been designed so as to fulfill the necessary instantaneous power demand of the vehicle, whilst the State of the Charge (SOC) and overall fuel consumption are managed to meet the overall energy demands of the journey. In general, current power management control systems can be classified as rule-based and optimization-based strategies. Rule-based control strategies work by considering set regions of vehicle performance and using predetermined operation modes to function within these regions, such as pure electric operation, pure ICE operation, hybrid drive and kinetic energy recuperation.
As rule-based strategies are not able to adapt to changing driving behaviors, fuel economy and vehicle emission improvements do not transfer between different drive cycles, thus limiting the application of rule-based strategies to a specific driving cycle. In contrast, optimization-based strategies are often used to overcome this problem through continuously adjusting power generation based upon current vehicle demands, thereby allowing for robust improvements to fuel economy and vehicle emissions reduction in different driving cycles [1] .
Equivalent Consumption Minimization Strategy (ECMS)
is known as one of the most successful optimization-based strategies for power management of HEVs. Originally, ECMS was developed for parallel HEVs and its effectiveness on parallelhybrid powertrains has been widely investigated [2] [3] [4] [5] . The ECMS was developed based on the idea that discharging the battery at any time is equivalent to some fuel consumption in the future and vice-versa. However, it has been reported in [6] that ECMS might cause significant wheel-torque oscillation due to instantaneously adjusting the power sources being used, thereby affecting system stability. It also might cause the potential for a delayed torque response during initiation of alternative power source, thereby reducing drivability and passenger comfort. These issues can be mitigated or even eliminated in a series or a parallel-series hybrid powertrain, because of decoupling engine power from the road load within these powertrain architectures [6] .
Recently, ECMS has been modified and applied to different hybrid powertrain architectures. For instance, Zhang and Vahidi [7] modified the ECMS algorithm by on-line ECMS parameter tuning using partial route preview information. Liu and Peng [8] developed an ECMS with kinematic constraints for a power-split hybrid powertrain while He et. al. [9] proposed an adaptive ECMS for such hybrid powertrains using predictive traffic information. Wang et. al. [10] proposed an adaptive ECMS which can be updated through drive cycle recognition for the power-split hybrid city buses. The application of ECMS on a series hybrid city bus was investigated by [11] . Also ECMS was modified and applied on a series hybrid powertrain by [12] and [13] . The former improved the ECMS performance with a novel SOC-sustaining approach while the latter compared the ECMS performance with that of engine power smoothing energy management strategy for a series hybrid electric vehicle (SHEV). This paper focuses on the validation of a novel form of ECMS for a Series Hybrid Electric Vehicle (SHEV) through the use of a backward facing simulation. Compared to the conventional ECMS which considers the torque generation of the power sources, the modified ECMS proposed in this paper is based upon the power flow throughout the powertrain, thereby representing the electrical power provided to the electric motor by the ICE and battery. In order to precisely determine the fuel consumption of the ICE, the power generated by ICE to drive the vehicle and to recharge the battery is included in ECMS formulation.
The structure of the paper is organized as follows. Modification of ECMS section describes an adaption of ECMS for a series HEV. A backward facing model of a series hybrid powertrain is developed in Powertrain modeling section. Next section is devoted to examining the potential benefits of the proposed ECMS on fuel economy enhancement of a SHEV through simulations.
Finally, Final section summarizes the results and conclusions of the conducted work.
Modification of ECMS for a Series Powertrain
A series hybrid powertrain system, as shown in Figure 1 , uses a small and reasonably inflexible ICE at near optimum levels. The ICE is connected to a generator to produce electrical energy which is then transferred either to the battery (energy storage) or to the electric motor.
In original ECMS developed for parallel HEVs, the energy flowing through the components is related to the associated mass flow rate of fuel which is a function of provided torques by the ICE and electric motor. Thus, based upon the flow of energy through the ICE, electric motor and battery, the equivalent cost of usage, D t , is calculated as:
( 1) Where the torques provided by the ICE and electric motor are denoted by T ICE and T EM , respectively. The mass flow rate of fuel through the ICE is , whereas the equivalent fuel flow rate through the battery, related to depleted electrical charge is. The equivalent fuel flow rate of the battery was given by [1]:
Where s dis and s chg are the two equivalence factors for promoting discharging and charging and were used to tune the ECMS to provide appropriate use of the ICE, electric motor and battery of the vehicle under consideration. The efficiency of the battery and electric motor are shown by η b and η EM , respectively. The power produced by the electric motor is given by p EM and the fuel's lower heating value is denoted by p LHV . Also, α was used to show whether the electric motor is charging or discharging and was calculated as:
Since conventional ECMS is based upon the torque provided by the ICE and electric motor, this method is no longer suitable for a SHEV in which just the electric motor drives the vehicle. Therefore, it is necessary to modify the equivalent cost, D t , by considering that the ICE provides power to the electric motor through a generator. In order to determine the equivalent cost of electrical power used to drive the electric motor, an approach considering the power demand of the electric motor from the battery and ICE via the generator is proposed in this paper. To provide an accurate representation of energy flow through the vehicle, the fuel flow rate associated with the ICE is calculated based upon the possibility of providing the power to drive the vehicle and recharge the battery via load point shifting. Load point shifting refers to the case where the ICE is used to operate within its high efficiency region by producing surplus power to recharge the battery. The energy conversion losses in the system are represented by efficiency terms for the battery and generator. Due to the flow of energy through a SHEV, Eq. (4) is developed in order to calculate the equivalent cost of a given power distribution, while Eqs. (5) to (8) are developed to determine the power required by the ICE and the equivalent fuel flow rate of the battery. The equivalent cost of usage is based upon the power flow into the electric motor by the battery and generator. The equivalency constants s dis and s chg are used to determine the cost of battery drive or battery charging respectively, thus through tuning these variables the response of the system can be modified.
(4) (5) (6) (7) (8) Here, the power required by the battery and ICE are represented by p b and p ICE, req , respectively. The power produced by the ICE to drive the vehicle and charge the battery is denoted by P ICE,drive and, P ICE,charge respectively. The maximum efficient power of the ICE is shown by P ICE maxeff . The wheel load power is represented by η g , whilst the associated power demand required by the electric motor is given by and the efficiency of the generator is denoted by . As highlighted by Eq. (8), load point shifting can be used until the overall ICE power exceeds the maximum efficient power output of the ICE. Using Eqs. (4) to (8), a strategy for calculating the optimum power distribution between the ICE and battery can be determined. In order to ensure that the battery is not damaged, it is necessary to limit the SOC to within the allowable boundaries. A similar approach is also taken to limit the ICE to high efficiency operation. Through assessing all component interactions, ECMS is modified for a SHEV as shown by Eqs. (9) to (13).
Where the optimum power for the battery and ICE are P b opt and P ICE opt , respectively. The current SOC, minimum SOC and maximum SOC are given by SoC, SoC min and SoC max , respectively. Regenerative braking is calculated by Eq. (10), whereby as a negative torque is required by the drivetrain the power recovered by the electric motor is stored within the battery. SOC limits are used to ensure the battery remains within the appropriate operating window for high efficiency and long cycle life. When the SOC approaches the lower limit, the battery is no longer used as an energy source and the ICE will operate to provide all the necessary drive power. Throughout periods of low SOC, if the maximum efficient output of the ICE is higher than the current power demand, load point shifting is used to recharge the battery. When the SOC exceeds the upper limit, the ICE is no longer used and the battery is depleted to provide the necessary power [1].
Powertrain Modeling
In order to assess the potential of the proposed ECMS, it is necessary for a simulation model to be developed. The two main forms of simulation models are forward facing and backward facing models. The former represents high accuracy of the system at the expense of high computational burden while the latter is simpler and more computational efficient. In a backward facing model, the tractive force at each wheel and consequently the power demand from the powertrain can be calculated using a predefined speed profile of a given drive cycle, thereby making it useful for initial system development and control strategy validation [14] [15] [16] . The following subsections explain the details of the developed backward facing model.
Drivetrain
In order to model the drivetrain, Eqs. (14) to (17) The total vehicle mass is given by m v , the angle of the inclination is shown by θ, the density of air is denoted by ρ a , the coefficient of drag is stated as C d , the frontal area of the vehicle is shown by A and acceleration due to gravity is denoted by g. Considering the moment provided by the radius of the driven wheels, the total necessary torque provided by the driving wheels is calculated as:
Where T w and R w are the tractive torque and radius of the driven wheels, respectively. The necessary torque for the SHEV and conventional vehicle can be calculated using Eqs. (19) and (20) respectively.
Where, β 0 and β g are the gear ratios for the final drive and selected transmission gear for the conventional vehicle. ώ EM and ώ ICE are the angular accelerations of the electric motor and ICE respectively. I EM , I ICE and I 0 are the second moments of inertia for the electric motor, ICE and final drive respectively. It is noted that inertia losses are neglected in the current modelling [17] .
Battery
The open circuit voltage (Figure 2 ) is a simple model of a battery but still accurate enough to represent the most important battery characteristics. In this model, the terminal voltage, V bt , is compared to the internal resistance, R bi , internal voltage, V bi , and resistive load, R L .
Kirchhoff 's voltage law, one has: 
By assuming that the internal resistance is constant and considering the battery power, P b , and Eq (21), the current variation can be determined as:
Finally the SOC can then be calculated by comparing the energy available within the battery to the theoretical maximum, E b , as [1].
(23)
Internal Combustion Engine
In order to reduce computational burden, within the model, the ICE is based upon its characteristic curves. For SHEV modeling, since the ICE is limited to functioning within the highest efficiency region, one dimensional efficiency and fuel flow rate maps are sufficient to be used. However, for the conventional vehicle model, the ICE needs to be used within all areas of operations, with a basic gear selection system implemented to adjust the ICEs output to meet the desired vehicle velocity.
Electric Motor and Generator
Similar to the ICE, representations of the electric motor and generator used within the model are based upon characteristic data of an electric motor. The final drive gear ratio is selected to ensure that the electric motor is able to operate efficiently over the intended drive cycles. Energy conversion losses for both the generator and electric motor are calculated through the use of two dimensional efficiency maps (Figure 3 ) related to the necessary torque and rotational speed of the relevant component at a given instant. When additional drive is required from the electric motor, the efficiency term is used to calculate the increased power demand required to meet the given speed profile. In contrast, for both the generator and the electric motor when under braking, the efficiency terms are used to determine the respective cost of the energy conversion and thus the reduced available power after conversion.
Simulation Results and Discussion
For the simulation purposes, the Federal Test Procedure (FPT-75) and Highway Fuel Economy Driving Schedule (HWFET) drive cycles (Figure (a) and 4(b), respectively) are considered. To demonstrate the potential of ECMS for SHEVs, the controller is separately tuned for each drive cycle, thus enabling SOC to be well maintained and a fair representation of potential fuel economy improvements to be provided. The values used throughout the simulations are summarized in Table 1 .
It is noted that due to the different components used within both a SHEV and conventional vehicle, the exact efficiency and fuel consumption for different components will be slightly different than those used within the simulation. However as the ICE and generator used within the SHEV model are restricted to high efficiency regions, in conjunction with other efficiency values throughout the powertrain, the errors produced by these results are neglegible.
The power distribution between the ICE and battery by the proposed ECMS controller for FTP-75 drive cycle is shown 
in Figure 5 (a). As indicated by this figure, the battery highly contributes in providing the required power demand, thus allowing for a significant reduction in fuel consumption. The heavy battery drive is facilitated by kinetic energy recuperation related to the frequent stop/start behavior experienced within this cycle and load point shifting which is implemented for demand equal to and below 5 kW. Throughout periods of high power demand requiring above 20 kW, in order to reduce energy consumption, the ICE is used within high efficiency regions to support battery drive, thus maximizing the operation efficiency. Due to the reduced availability of regenerative braking provided by stop/start driving, the tuning selected for the HWFET cycle favors ICE drive, whereby 74% of the required power is produced by the ICE (Figure 5(b) ). During periods of power demand exceeding 20 kW, the battery is used to support drive, enabling the ICE to remain within high efficiency operation, whilst the SOC of the battery is also well maintained.
The power distribution of the ICE is also considered, whereby the amount of the generated power to charge the battery and drive the vehicle are compared, as shown in Figure 6 . As can be seen in Figure 6 (a), load point shifting is experienced throughout the FPT-75 cycle, whereby sharp peaks of ICE charge above 30 kW are observed in conjunction with low ICE power of approximately 5 kW, thus allowing for the ICE to operate at the maximum efficient output. Load point shifting is only seen in these areas due to low power demand promoting ICE drive. As mentioned previously, this form of power fluctuation can reduce drivability through instability for parallel HEVs, however this problem is minimized for SHEVs as ICE power is decoupled from the road load. Increased ICE power generation is also seen across the HWFET cycle (Figure 6(b) ), however, due to the greater use of ICE power, total power production by the ICE no longer experiences sharp peaks and troughs seen in the FPT-75 cycle, alternatively ICE use is maintained within the high efficiency and high power regions of operation throughout the majority of the cycle. As mentioned previously, the HWFET cycle exposes the vehicle to extended periods of high velocity driving, thus requiring above 20 kW of power, throughout these periods to achieve maximum power, the battery is used in unison with the ICE and the load point shifting is no longer utilized.
In the powertrain model, a 6.1 kWh battery is considered, with an initial SOC of 60% and with operation limit of 40% to 80%. As Figure 7 shows, during the two considered drive cycles the power provided to the battery, either via kinetic energy recuperation or load point shifting is converted into a positive current which is used to charge the battery. During the initial stages of the highly urban FPT-75 cycle a high continuous power demand is required and as such the battery is depleted to provide drive (Figure 7(a) ). Throughout the remainder of the cycle a lower power demand is required, hence although the battery is continually utilized to drive the vehicle kinetic energy recuperation experienced during the latter stage of the cycle enables the SOC to be increased. For the HWFET (Figure 7(b) ), as minimal kinetic energy recuperation is experienced, the SOC of the battery is increased predominately by load point shifting. During the initial portion of the cycle, the required power is all provided by the ICE, in addition to this load point shifting is implemented until 300 s, increasing the SOC to 73%. After this stage of the cycle, a sustained period of greater than 20 kW power demand is experienced where the battery is used to support the ICE, and therefore reducing the current SOC. Although current variation is experienced across both drive cycles, the overall SOC variation does not exceed 15%, thus suggesting that a properly tuned ECMS is able to provide effective use of the provided battery, allowing for suitable battery life. Also Figure 7 (a) shows a 59% lower fuel consumption for the SHEV compared to a conventional vehicle over FTP-75. The significant improvement in fuel economy is due to the large of amount of kinetic energy which could be recovered and then utilized by the electric motor. A fuel economy improvement of 23% is achieved for the SHEV compared to the conventional vehicle during the HWFET (Figure 7(b) ), whereby as discussed the use of load point shifting during the early stages of the cycle, enabled battery drive to be effectively implemented during periods of high power demand. As it is necessary with the developed form of ECMS to provide the achieved improvements with different ECMS tuning, it would be beneficial for an adaptive approach to be applied, allowing for broader use of the developed strategy. By combining the generated energy from the fuel with the change in stored energy of the battery, the overall energy consumption of the SHEV is studied against that of the conventional vehicle in Figure 8 . As can be seen from this figure due to the use of load point shifting and kinetic energy the SHEV consistently consumes less energy. Whereby during the FPT-75 and HWFET drive cycles energy consumption is reduced by 58% and 24% respectively. As SOC is well maintained during both cycles, the reduction in total energy consumption is directly comparable with the improvements seen for fuel economy.
In the above mentioned simulation results, equivalency values have been selected separately for each drive cycle to demonstrate the maximum achievable fuel economy improvements for both urbanized and highway driving, whereby, for the FPT-75, and are set equal to 1.25 and -0.3, respectively. A negative value for is required to promote battery charging as additional fuel is needed during load point shifting due to the surplus power produced. Figure 9 indicates the sensitivity of the proposed ECMS against a ±20% change in in terms of variation in SOC and energy consumption for the FPT-75 drive cycle. As shown, an increase in reduces battery drive and as such encourages SOC increase and ICE drive, ultimately causing a slight increase in energy consumption. In contrast, a reduction in encourages battery drive, reducing fuel consumption and battery SOC.
Conclusion
In this paper a novel modification of ECMS was proposed for a series HEV and assessed, via a backward facing simulation, against FPT-75 and HWFET drive cycles. The simulation results indicated that the proposed ECMS is able to provide substantial improvements to a series HEV both in terms of overall fuel and energy consumption. Fuel and energy consumption improvements are achieved through the effective selection of load point shifting during periods of low power demand, which is also supported by kinetic energy recuperation during urban driving. 
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